All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The two glycine transporters, GlyT1 and GlyT2, differ in their concentrating capacity \[[@pone.0157583.ref001]\]; play distinct roles in regulating neurotransmission \[[@pone.0157583.ref002]\]; and are also the targets for novel pharmaceuticals for the treatment of schizophrenia \[[@pone.0157583.ref003]\] and chronic pain \[[@pone.0157583.ref004]\]. GlyT1 and GlyT2 belong to the solute carrier family SLC6 that also includes transporters for the neurotransmitters GABA, serotonin, norepinephrine and dopamine \[[@pone.0157583.ref005], [@pone.0157583.ref006]\]. Members of this family of transporters couple the transport of neurotransmitter to the co-transport of Na^+^ and Cl^-^ ions, with the transport of glycine by GlyT1 being coupled to two Na^+^ ions, while glycine transport by GlyT2 is coupled to three Na^+^ ions. These differences in ion-substrate flux coupling allow glycine transporters to serve different roles in the regulation of glycine concentrations in the central nervous system \[[@pone.0157583.ref001]\]. At excitatory synapses, GlyT1 maintains extracellular synaptic glycine concentrations at \~100 nM and small fluctuations in ion gradients across the cell membrane can reduce the concentrating capacity of GlyT1, elevating synaptic glycine \[[@pone.0157583.ref007], [@pone.0157583.ref008]\]. Conversely, GlyT2 operates to concentrate glycine in presynaptic neurones, which is necessary for glycine storage in synaptic vesicles for neurotransmission \[[@pone.0157583.ref008], [@pone.0157583.ref009]\].

Our current understanding of the structure and function of SLC6 transporters has been greatly enhanced by the determination of the crystal structures of the sodium-dependent bacterial leucine transporter, LeuT~Aa~ \[[@pone.0157583.ref010]\], and the *Drosophila* dopamine transporter, dDAT \[[@pone.0157583.ref011]\]. Two homologous Na^+^ binding sites have been identified in both LeuT~Aa~ \[[@pone.0157583.ref010]\] and dDAT \[[@pone.0157583.ref011]\]. For both LeuT~Aa~ and dDAT, the first (Na1) is found between unwound regions of transmembrane domains 1 (TM1) and 6 (TM6), while the second (Na2) is formed by TM1 and TM8. Molecular dynamics simulations and mutagenesis studies have demonstrated that both Na1 and Na2 of LeuT~Aa~ are conserved in GlyT2 \[[@pone.0157583.ref012]\]. Similarly, these sites are conserved in the GABA, dopamine (dDAT) and serotonin transporters \[[@pone.0157583.ref006]\]. The third Na^+^ binding site (Na3) on GlyT2 remains to be identified. The recent crystal structure of the sodium dependent betaine transporter, BetP, shows that despite its low level of sequence identity with other SLC6 transporter structures, it shares the conserved LeuT~Aa~ fold characteristic of these transporters \[[@pone.0157583.ref013]\]. Furthermore, substrate transport by BetP is also coupled to the co-transport of two Na^+^ ions. Intriguingly, whilst BetP contains a Na^+^ binding site corresponding to Na2 of LeuT~Aa~, it does not possess the Na1 site. Instead, BetP contains a unique Na^+^ binding site, termed Na1\' \[[@pone.0157583.ref014], [@pone.0157583.ref015]\]. We hypothesize that the Na3 of GlyT2 corresponds to the Na1\' site of BetP, in close proximity to S280 and A284 (TM3) of GlyT2. Here we use molecular dynamics (MD) simulations of a membrane-embedded, refined GlyT2 homology model and comparative analysis of the functional properties of wild type and mutant glycine transporters to identify a potential third Na^+^ binding site on GlyT2.

Materials and Methods {#sec002}
=====================

Comparative modeling {#sec003}
--------------------

Due to the relatively low sequence identity between the human glycine transporters and other members of the SLC6 superfamily for which structural data is available, a homology model of the GlyT2 glycine transporter based on the outward-occluded dDAT structure (PDBid: 4M48) was developed using a protein fold recognition (or threading) approach, as implemented in the Phyre2 webserver \[[@pone.0157583.ref016]\]. In this approach, the amino acid sequence of GlyT2 was compared to a non-redundant database of protein structures from the Structural Classification of Proteins (SCOP) database and the Protein Data Bank (PDB) to identify homologues. Further secondary structure predictions on the GlyT2 sequence are used to increase the accuracy of the sequence alignment with homologues from the structural database prior to model building using Phyre2 webserver \[[@pone.0157583.ref016]\]. GlyT2 shares 50% sequence identity with dDAT. The amino acid sequence alignment of Yamashita et al. \[[@pone.0157583.ref017]\] was used in verification of the resulting GlyT2 homology model prior to its use in MD simulations. The multiple sequence alignments generated during the development of the GlyT2 homology model are provided as Supporting Information (Fig A in [S1 File](#pone.0157583.s001){ref-type="supplementary-material"} and [S2](#pone.0157583.s002){ref-type="supplementary-material"}, [S3](#pone.0157583.s003){ref-type="supplementary-material"} and [S4](#pone.0157583.s004){ref-type="supplementary-material"} Files).

The N-terminal 189 residues, the C-terminal 53 residues and residues from W315 to Q362 in EL2 of GlyT2 were removed from the homology model because these regions cannot be modeled on dDAT. The ends of the protein model have been capped by protonating the C-termini and deprotonating the N-termini to avoid the introduction of inappropriate charges within the protein. The pKa values of all ionizable groups were assessed using the PROPKA server \[[@pone.0157583.ref018], [@pone.0157583.ref019]\] and the initial protonation states of the relevant groups at neutral pH were assigned accordingly. PROPKA identifies all ionizable groups in the structure and calculates the distance between the ionizable residue and all neighboring residues that may be involved in hydrogen bonding. Initial pK~a~'s were assigned to ionizable groups and these values were iteratively refined to give a self-consistent pKa based on hydrogen bonding patterns and the accessibility of the residue to solvent \[[@pone.0157583.ref018], [@pone.0157583.ref019]\]. On the basis of the pKa values predicted using the PROPKA server \[[@pone.0157583.ref018], [@pone.0157583.ref019]\] all histidine residues were predicted to be predominately singly protonated at pH 7.0. Aspartate, glutamate, arginine and lysine residues were charged.

Molecular dynamics simulation {#sec004}
-----------------------------

The GROMACS \[[@pone.0157583.ref020]\] version 3.3.3 molecular dynamics package in conjunction with the GROMOS 54A7 force field \[[@pone.0157583.ref021]\] was used in all MD simulations. Water was represented explicitly using the simple point charge (SPC) model \[[@pone.0157583.ref022]\]. Each system was simulated under periodic boundary conditions in a rectangular simulation box. The temperature of the system was maintained by coupling the protein and lipids together and the solvent, ions and the ligand together to an external temperature bath at 300 K with a coupling constant of τ~T~ = 0.1 ps using a Berendsen thermostat \[[@pone.0157583.ref023]\]. The pressure was maintained at 1 bar by weakly coupling the system to a semi-isotropic pressure bath using an isothermal compressibility of 4.5x10^-5^ bar^-1^ and a coupling constant of τ~P~ = 0.5 ps. During the simulations, the length of all bonds within the protein and lipids were constrained using the LINCS algorithm \[[@pone.0157583.ref024]\]. The SETTLE algorithm \[[@pone.0157583.ref025]\] was used to constrain the geometry of water molecules. In order to further extend the timescale that could be simulated, the mass of hydrogen atoms was increased to 4 a.m.u. by transferring mass from the atom to which it was attached. This allows a time step of 4 fs to be used to integrate the equation of motion without significantly affecting the thermodynamic properties of the system \[[@pone.0157583.ref026]\]. Non-bonded interactions were calculated using a twin-range cut-off. Interactions within the short-range cut-off of 0.8 nm were updated every time step. Interactions within the longer-range cut-off of 1.4 nm were updated every 5 time steps, together with the pair list. To correct for the truncation of electrostatic interactions beyond the 1.4 nm long-range cut-off, a reaction field correction was applied using an effective dielectric permittivity value (ε~r~) of 78.5 \[[@pone.0157583.ref027]\].

### System set-up {#sec005}

Two Na^+^ ions were placed in the GlyT2 model in positions corresponding to the identified Na1 and Na2 binding sites of the dDAT (PDBid: 4M48) and LeuT~Aa~ (PDBid: 3TT1) crystal structures. [Fig 1](#pone.0157583.g001){ref-type="fig"} shows the superposition of the Na1 and Na2 sites in dDAT, LeuT~Aa~ and GlyT2 model. The two Na^+^ ions were placed between the residues from TM helices 1, 6, 7 and 8 forming a caged conformation, as shown in [Fig 1](#pone.0157583.g001){ref-type="fig"}. A third Na^+^ ion was placed in close proximity to residues S280 and A284 (TM3), which correspond to the Na1\' binding site residues of BetP. The substrate glycine was placed in its binding site, coordinated by Na1. The final model of GlyT2 containing 3 Na^+^ ions and the substrate glycine was embedded in a pre-equilibrated POPC bilayer \[[@pone.0157583.ref028]\] downloaded from ATB \[[@pone.0157583.ref029]\]. The system was solvated in a water box and 150mM of NaCl was added to the system to mimic the experimental conditions. Counter-ions were added to maintain the overall charge neutrality of the system.

![Comparison of the Na binding sites in the LeuT~Aa~ (dark grey) and dDaT (light grey) crystal structures and the GlyT2 model (colored helices).\
Crystallographic Na^+^ from the LeuT~Aa~ Na1 and Na2 sites are shown as dark grey spheres. The three modeled Na^+^ in GlyT2 are colored purple. Na^+^ occupies the Na1 and Na2 sites, and the proposed Na' site of GlYT2. The substrate glycine is shown in CPK spacefill.](pone.0157583.g001){#pone.0157583.g001}

To initiate the simulation, 1000 steps of steepest descent energy minimization was performed. Then the system was equilibrated over a period of 10 ns, in which the position restraints were gradually lowered from 1000 kJ**·**mol^-1^**·**nm^-2^ to 500 kJ**·**mol^-1^**·**nm^-2^ to 100 kJ**·**mol^-1^**·**nm^-2^ to 50 kJ**·**mol^-1^**·**nm^-2^ to 10 kJ**·**mol^-1^**·**nm^-2^ over successive 2 ns simulations. The system was further equilibrated for 10ns with minimal (10 kJ**·**mol^-1^**·**nm^-2^) position restraints on the non-hydrogen atoms to stabilize the backbone fluctuations often associated with homology models \[[@pone.0157583.ref030]\]. Finally, the system was then simulated for a further 50 ns without restraints. Five independent simulations with different sets of starting velocities were performed starting from the same configuration.

Analysis {#sec006}
--------

### Root mean squared deviation (RMSD {#sec007}

To compare the configurations obtained from the MD simulation trajectories to the starting structure (homology model after energy minimization), the root mean square deviation (RMSD) was calculated using the method of Maiorov and Crippin \[[@pone.0157583.ref031]\] after performing a least square fit of each frame of the trajectory to the reference structure.

### Protein contact residues / contacting residues {#sec008}

All the protein residues for which the average distance between the CA atoms lay within a 4.0 Å radius of the center of any atom of the glycine substrate or Na^+^ ions were considered to be in direct contact. In all cases, the averaging was performed over the five independent 50 ns simulations, giving a total cumulative simulation time of 250 ns.

### Ion-protein and substrate-protein distances {#sec009}

To calculate the ion-protein and substrate-protein distances, the minimum distance between the center of mass of the glycine substrate or Na^+^ ion and center of any atom of the contacting residues were measured using the g_mindist program. In all cases except for the Na^+^ ion occupying the Na3 site, these distances were averaged over the cumulative 250 ns of MD simulation (5 x 50 ns). In the case of the Na^+^ ion occupying the proposed Na3 site, these distances were averaged over the last 35 ns of each of the five 50 ns simulations.

Functional analysis of GlyT2 mutants in Xenopus laevis oocytes {#sec010}
--------------------------------------------------------------

GlyT2 was subcloned into the plasmid oocyte transcription vector (pOTV) \[[@pone.0157583.ref032]\]. Site-directed mutagenesis was performed using a PCR-based protocol as described previously \[[@pone.0157583.ref033]\] and all mutations were sequenced on both strands by Dye Terminator Cycle Sequencing (ABI PRISM, Perkin Elmer). The wild type and mutant transporter cDNAs were linearized with *Spe*I and cRNA transcribed with T7 RNA polymerase using the mMessage mMachine kit (Ambion Inc., TX, USA).

Electrophysiology {#sec011}
-----------------

All chemicals were obtained from Sigma unless otherwise stated. Stage V oocytes were surgically harvested from *Xenopus laevis* whilst under anaesthesia as described previously \[[@pone.0157583.ref033]\]. After removal of oocytes, the incision was stitched and the frog allowed to recover in isolation. All surgical procedures were approved by the University of Sydney Animal Ethics Committee (Protocol \#5269) under the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. 20 ng of cRNA was injected into oocytes and incubated in standard frog ringers buffer (96 mM NaCl, 2 mM KCl, 1 Mm MgCl~2~, 1.8 mM CaCl~2~, 5 mM HEPES, pH7.5) supplemented with 50 μg/ml gentamycin, 2.5 mM sodium pyruvate and 0.5 mM theophylline at 16--18°C.

Two to four days after microinjection, current recordings from oocytes voltage-clamped at -60 mV were made using the two electrode voltage clamp technique with a Geneclamp 500 amplifier (Axon Instruments, Foster City, CA) interfaced with a MacLab 2e chart recorder (ADI Instruments, Sydney, Australia) using the chart software.

Recording solution for substrate concentration responses was normal frog Ringer's solution. For Na^+^ titrations, NMDG^+^ was used as the substitute cation, and total cation concentration was 150 mM. Current (*I*) as a function of substrate concentration was fitted by least-squares analysis to a derivation of the Michaelis-Menten equation, $$I = I_{max} \cdot \frac{\left\lbrack substrate \right\rbrack}{\left( \left\lbrack substrate \right. \right\rbrack\left. + {EC}_{50} \right)}$$ where *I*max is the maximum current generated and EC~50~ is the substrate concentration which generates a half-maximal response. Na^+^ concentration responses were fit to the Hill equation, $$\frac{I}{I_{max}} = \frac{\left\lbrack substrate \right\rbrack^{n}}{\left\lbrack substrate \right\rbrack^{n} + \left( {EC}_{50} \right)^{n}}$$ where n is the Hill coefficient and all other terms are as described above.

Results {#sec012}
=======

Model Validation {#sec013}
----------------

The backbone root mean square deviation (RMSD) between the GlyT2 homology model and that of the dDAT template structure (PDBid 4M48) was 1.37 Å. The initial model was evaluated using PROCHECK \[[@pone.0157583.ref034]\]. Analysis of the backbone geometry of the initial, non-refined homology model showed that 97% of residues lay in acceptable regions of the Ramachandran plot, lending confidence to geometry of the initial GlyT2 homology model. It should be noted that the refinement of protein models to reproduce experimental accuracy is still an ongoing challenge in structural bioinformatics \[[@pone.0157583.ref035], [@pone.0157583.ref036]\]. In the past decade, biased and non-biased MD simulation techniques of individual models and ensembles have proved a useful tool in model refinement on timescales of tens to hundreds of nanoseconds \[[@pone.0157583.ref037]--[@pone.0157583.ref039]\]. However, recent long-timescale simulations indicate that homology models drift significantly from the corresponding crystallographic structures on μs timescales \[[@pone.0157583.ref040]\]. To ensure the structural stability of the equilibrated GlyT2 model, unrestrained simulations were limited to 50 ns. [Fig 2A](#pone.0157583.g002){ref-type="fig"} shows the backbone RMSD of the modeled GlyT2 TM helices is stable across the five simulations, plateauing after 20 ns of simulation. The backbone RMSD, averaged across the last 30 ns of the five independent simulations, was 2.7 ± 0.3 Å. This RMSD is within the expected thermal fluctuations of a protein of this size \[[@pone.0157583.ref041]\].

![GlyT2 model stability and validation.\
(A) Backbone RMSD of GlyT2 model over 50 ns for all 5 runs. (B) and (C) shows the Na1 and Na2 binding sites in the GlyT2 model. GlyT2 is shown in a cartoon representation. The residues that bind Na^+^ (purple spacefill) are shown in licorice representation.](pone.0157583.g002){#pone.0157583.g002}

In all simulations, the Na^+^ ions occupying both the Na1 and Na2 sites of GlyT2 formed stable interactions with the adjacent residues. The ion occupying the Na1 site diffused slightly within its binding site, coordinated by the side chain hydroxyl group of Y289 (TM3) and S479 (TM6) as shown in [Fig 2B](#pone.0157583.g002){ref-type="fig"}. W482 also contributes to the Na1 site via a cation-π interaction with the resident Na^+^ ([Fig 2B](#pone.0157583.g002){ref-type="fig"}). In addition, this Na^+^ also makes transient contacts with the side chain hydroxyl groups of Y207 (TM1), T578 (TM8) and the glycine substrate. During the simulations, the Na^+^ ion occupying the Na2 site is coordinated by the backbone interactions from the residues G206, V209 (TM1) and L574 (TM8) as shown in [Fig 2C](#pone.0157583.g002){ref-type="fig"}. The side chain carboxyl group of D577 (TM8) further stabilizes the Na^+^ in its binding site, as previously reported \[[@pone.0157583.ref012]\]. These interactions are similar to those observed in the crystal structures of dDAT and LeuT~Aa~. The distance between the resident Na^+^ ions and the surrounding residues of the Na1 and Na2 sites averaged over all five MD simulations, are provided as Supporting Information (Tables A and B in [S1 File](#pone.0157583.s001){ref-type="supplementary-material"}).

Prior to equilibration, the substrate glycine was placed at its binding site, in the vicinity of the predicted binding residues I283 (TM3), S479 (TM6), W482 (TM6), T578 (TM8) and T582 (TM8). During unrestrained MD simulations, glycine remained within the S1 site, coordinated primarily by T578 (TM8) and W482 (TM6). As glycine was unrestrained, and thus free to move in the simulations, its position and orientation varied within the S1 site throughout the simulations. The substrate glycine also formed direct contacts (within a 4.0 Å radius) with residues adjacent to the S1 binding site residues, namely Y287 (TM3), W215 (TM1), Y286 (TM3) and G575 (TM8) throughout the simulations. These interactions persisted for \>80% of the time, averaged across the five independent simulations. It should be noted that some fluctuations or variations in the set of interacting residues are expected in MD simulations on timescales of tens or hundreds of ns, in which neither the ion or protein is restrained to a predetermined set of coordinates. The distance between the substrate glycine and the interacting residues, averaged over all five MD simulations, are provided as Supporting Information (Table C in [S1 File](#pone.0157583.s001){ref-type="supplementary-material"}).

The Na^+^/Cl^-^ dependent family of transporter proteins undergo conformational change from an outward-open state to an inward open-state during the transport cycle \[[@pone.0157583.ref010], [@pone.0157583.ref042]\]. These transporters also adopt an intermediate substrate bound conformation known as the outward occluded state \[[@pone.0157583.ref042]\]. In order to validate that the modeled outward occluded conformation of the substrate bound GlyT2 model (shown in [Fig 3A](#pone.0157583.g003){ref-type="fig"}) is consistent with the experimentally characterized outward occluded conformation, the interactions between the conserved residue pairs that form the extracellular (R216 (TM1b) / D633 (TM10)) and intracellular gates (R191 (TM1a) / D592 (TM8)) were examined.

![Initial conformation of the membrane-embedded, equilibrated GlyT2 model in MD simulations.\
(A) Outward occluded conformation of the GlyT2 model for MD simulation. (B) Water mediated salt bridges between R216 (TM1b) and D633 (TM10) and R216 forms a cation-π interaction with F476 (TM6a). (C) R191 from TM1 and D592 from TM8 form a salt bridge.](pone.0157583.g003){#pone.0157583.g003}

[Fig 3B](#pone.0157583.g003){ref-type="fig"} shows the residues R216 and D633 form a water mediated salt bridge and also the residues R216 and F476 (TM6a) form a cation-π interaction between their respective guanidinium and phenyl groups. In addition to these, [Fig 3C](#pone.0157583.g003){ref-type="fig"} shows the direct contact between the residues R191 and D592 on the intracellular side of the protein. The interactions identified in the membrane embedded GlyT2 model are in agreement with the previously observed conformations of Na^+^/Cl^-^ dependent transporters in the outward occluded state \[[@pone.0157583.ref010], [@pone.0157583.ref042]\] and demonstrate that the model reproduces an essential feature of all SLC6 transporters.

Characterizing a novel Na3 binding site in GlyT2 {#sec014}
------------------------------------------------

To identify and characterize the Na3 binding site of GlyT2, a third Na^+^ was initially placed at the location consistent with the Na1\' site of BetP, close to S280 and A284 (TM3), as shown in [Fig 1](#pone.0157583.g001){ref-type="fig"}. In all five simulations, this Na^+^ spontaneously dissociated from its initial location within the first 10 ns of simulation and diffused along a water-filled cleft in the protein to bind to a previously uncharacterized site in GlyT2, shown in [Fig 4A](#pone.0157583.g004){ref-type="fig"}, where it interacts electrostatically with E648 (TM10). It should be noted that E648 is solvated and is accessible from the intracellular solution (Fig B in [S1 File](#pone.0157583.s001){ref-type="supplementary-material"}). Based on solvent accessibility and pKa predictions, E648 was predicted to carry a negative charge at physiological pH \[[@pone.0157583.ref018], [@pone.0157583.ref019]\]. In addition to E648, the binding of Na^+^ was coordinated by residues W263, M276 (TM3) and A481 (TM6), as shown in [Fig 4B](#pone.0157583.g004){ref-type="fig"}. The spontaneous binding of Na^+^ to this site, referred to as the Na3 site, persisted for the duration of all five simulations. Na^+^ binding at the Na3 site is dominated by the electrostatic interactions with the carboxylate side chain of E648, and is further stabilized by interactions with the backbone carbonyl of A481, a cation-π interaction with W263 and the M276 S-methyl thioether side chain, as shown in [Fig 4B](#pone.0157583.g004){ref-type="fig"}. Note that W263 lies in a loop region immediately preceding TM3. The orientation of the loop, and W263, fluctuates throughout the simulations prior to Na^+^ binding. The binding of Na^+^ at the proposed Na3 site stabilises the orientation of W263, effectively blocking the exit of Na^+^ from the Na3 site. The distance between the Na^+^ ion and the contacting residues forming the new Na3 site, averaged over the last 35ns of the five independent MD simulations are provided as Supporting Information (Table D in [S1 File](#pone.0157583.s001){ref-type="supplementary-material"}). Mapping of the electrostatic potential \[[@pone.0157583.ref043]\] of GlyT2 demonstrated that solvent accessible surface of the GlyT2 homology model in the region surrounding residues S280 and A284 was largely electropositive, as shown in [Fig 5A](#pone.0157583.g005){ref-type="fig"}, and thus, is not expected to provide an electrostatically favorable environment for a Na^+^ binding site in GlyT2. In contrast, the GlyT2 model contained large electronegative region in the vicinity of the Na3 binding site, stabilizing the binding of Na^+^. It should also be noted that in one of the MD simulations, a Na^+^ ion diffused into the transporter from the intracellular solution. [Fig 5B](#pone.0157583.g005){ref-type="fig"} shows the electric field lines (contoured at ± 2 kT/e) arising from the electrostatic potential. In the outward occluded conformation of the GlyT2 model, two primary regions of electronegativity (red field lines) funnel Na^+^ towards the Na1 and Na3 binding sites. The GlyT2 homology model maps the membrane-embedded regions of the protein, and assumes the GlyT2 structure is homologous to that of dDAT. Furthermore, electrostatic effects arising from regions of the protein not contained within the model cannot be accounted for in this study.

![Location of the proposed Na3 site in GlyT2.\
(A) Final conformation of GlyT2 after 50 ns unrestrained MD simulation. Three Na^+^ ions (purple spacefill) remain stably bound to GlyT2, occupying the Na1 and Na2 sites, and a third site, Na3, where E648 (CPK spacefill) interacts electrostatically with the Na^+^ ion. The substrate glycine is shown in CPK spacefill and the membrane headgroups are in licorice representation. (B) A close-up view of the Na3 site. The residues that form the Na3 site are shown in CPK.](pone.0157583.g004){#pone.0157583.g004}

![Electrostatic potential of the GlyT2 model.\
The electrostatic potential, contoured at +2 and -2 kT/e, was calculated at pH 7.0 using 150 mM NaCl and a relative dielectric permittivity of 78.5. Negative potential is red, positive is blue. (A) Electrostatic potential map of the intracellular surface of GlyT2, viewed from the intracellular side, normal to the membrane. Membrane phospholipids are shown as CPK colored lines. The initial placement of the third Na^+^ is in yellow. The final position of Na^+^ from MD simulations, bound to the proposed Na3 site, is in green. (B) Side view of the GlyT2 model, from the plane of the membrane, shows the density of the electric field lines. The protein is in gray cartoon representation and the substrate glycine is in CPK spacefill representation. Na^+^ ions occupying the Na1 and Na2 sites are purple.](pone.0157583.g005){#pone.0157583.g005}

Role of E648 in forming Na3 site in GlyT2 {#sec015}
-----------------------------------------

In order to validate the role of E648 in Na^+^ binding at the proposed Na3 site via MD simulation, the E648 (TM10) of the GlyT2 comparative model was mutated to methionine. The GlyT2 E648M mutation was generated for two reasons. First, the mutation removes the critical negative charge required for stable Na^+^ binding at Na3 identified in the MD simulations. Second, a methionine residue is found at the corresponding position for GlyT1, which is coupled to the co-transport of only 2 Na^+^ ions. To initiate the simulations, the substrate glycine was placed in its binding site and Na^+^ ions were placed at the Na1 and Na2 sites, and at the proposed Na3 site identified above. The system was equilibrated and 50 ns of unrestrained MD simulation was performed. On mutation of E648 to methionine, Na^+^ diffused out of the proposed Na3 site within the first 15 ns of simulation.

Functional Analysis of GlyT2 Mutants {#sec016}
------------------------------------

The study by Perez-Siles *et al*. \[[@pone.0157583.ref012]\] demonstrated that mutations of residues that form the Na1 and Na2 sites of GlyT2 produce transporters with increased *K*~0.5~ values for both glycine and Na^+^ compared to WT. We repeated some of these mutations (S479G (Na1) and L574I (Na2) in GlyT2) and observed similar results to that of Perez-Siles and co-workers ([Table 1](#pone.0157583.t001){ref-type="table"}).

10.1371/journal.pone.0157583.t001

###### Glycine and Na^+^ K~0.5~ values and Hill coefficients for WT and GlyT2 mutants.

![](pone.0157583.t001){#pone.0157583.t001g}

  Site   Mutant   K~0.5~ (glycine, μM)   K~0.5~ (Na+, mM)   Hill Co-efficient (Na+)
  ------ -------- ---------------------- ------------------ -------------------------
         WT       18.2 ± 0.6             33 ± 1             2.5 ± 0.2
  Na1    S479G    84 ± 12                43 ± 6             3.5 ± 1.0
  Na2    L574I    17 ± 1                 49 ± 4             1.9 ± 0.1
  Na3    E248A    9 ± 1                  32 ± 18            1.8 ± 0.4
  Na3    E648M    8.5 ± 2.8              \>100              ND
  Na3    M276A    32 ± 3                 40 ± 6             2.5 ± 0.6
  Na3    W263L    ND                     ND                 

Data shown represents the mean ± SEM, n ≥ 4. Glycine application to oocytes expressing the W263L mutant did not generate currents and it was not possible to measure glycine and Na^+^ K~0.5~ values.

The changes in function associated with these mutations together with the MD simulations and the identification of Na^+^ bound to the crystal structures of LeuT~Aa~ and dDAT suggest that the Na1 and Na2 sites are conserved in GlyT2.

To test the MD predictions of the Na3 site we generated mutations in the cDNA corresponding to the proposed Na3 site of GlyT2 and compared the glycine and Na^+^ concentration dependent transport currents of the mutants to corresponding values for wild type GlyT2. Three mutant GlyT2 transporters were produced incorporating either the W263L, M276A or E648M mutations. Glycine concentration responses were measured in the presence of 98.5 mM Na^+^ and Na^+^ concentration responses were measured in the presence of the EC~90~ concentration of glycine for each transporter. For wild type GlyT2, the EC~50~ for glycine is 19.4 ± 1.9 μM and the EC~50~ for Na^+^ is 33 ± 1 mM, with a Hill co-efficient of 2.5 ± 0.2 ([Fig 6](#pone.0157583.g006){ref-type="fig"}). The maximal currents observed for WT transporters is generally in the range of 100--200 nA depending on the batch of oocytes used. However, for the E648M mutant, expression levels were reduced compared to wild type, which is reflected in the maximal current amplitude achieved with 300 μM glycine being only 4.8 ± 0.4 nA ([Fig 6](#pone.0157583.g006){ref-type="fig"}). Despite the small amplitudes of glycine-evoked currents for E648M, it was possible to measure an EC~50~ for glycine of 8.5 ± 2.8 μM, which is not significantly different to that of WT GlyT2. However, the mutation did cause a substantial change in Na^+^ sensitivity. The Na^+^ concentration response did not saturate at concentrations up to 150 mM ([Fig 6D](#pone.0157583.g006){ref-type="fig"}) and it was not possible to use higher concentrations of Na^+^ because of the instability of the voltage clamp at higher Na^+^ concentrations. Nevertheless, these observations suggest that Na^+^, but not glycine, interactions have been compromised in the E648M mutant. We also investigated the functional impact of mutating the other two residues that coordinate Na3. For GlyT2 M276A, both the glycine and Na^+^ affinities, as well as the Hill co-efficient for Na^+^ were not substantially different to wild type ([Table 1](#pone.0157583.t001){ref-type="table"}) suggesting that the mutation does not disrupt Na^+^ interactions with this site. Incorporation of the W263L mutation produced transporters with greatly reduced glycine-evoked currents, preventing characterization of the substrate and Na^+^ affinities.

![Glycine (top panels) and Na^+^ (bottom panel) concentration-dependent transport currents mediated by WT GlyT2 and GlyT1 and the Na3 site mutant in GlyT2, E648M mutant.\
Glycine concentration-dependent transport currents were measured in ND96 and Na^+^ concentration-dependent transport currents were measured in the presence of an EC~90~ concentration of glycine for the respective transporters. Currents were normalized to the maximal transport current in each case except for the Na^+^ concentration dependent currents for the E648M mutant because the currents did not appear to saturate at a maximal Na^+^ concentration.](pone.0157583.g006){#pone.0157583.g006}

Discussion {#sec017}
==========

GlyT2 is unique among the SLC6 family of transporters in that substrate transport is coupled to the co-transport of 3 Na^+^ ions. The starting hypothesis of this study was that the Na3 site of GlyT2 corresponds to the Na1\' site of BetP. However, in all 5 of the MD simulations the Na^+^ initially placed in this site was not stably coordinated and diffused to an alternate Na3 binding site, where it was stably coordinated by the side chains of E648 (TM10), W263 (TM3) and M276 (TM3) and backbone interactions with A481 (TM6) ([Fig 4B](#pone.0157583.g004){ref-type="fig"}) for the remainder of all five independent simulations. It is of particular note that the Na3 binding site characterized here is spatially well separated from the location corresponding to the BetP Na1\' site and also the Na1 and Na2 sites. Furthermore, the E648 residue is not conserved between GlyT2 and the closely related GlyT1 transporter, and as such, this site is unlikely to form a Na^+^ ion binding site in GlyT1. The GlyT2 E648M mutant displayed reduced maximal glycine-evoked currents, without changing the EC~50~ for glycine, and also reduced apparent affinity for Na^+^. This suggests that this novel site plays an important role in the transport mechanism. However, despite these clear disruptions to overall function of the GlyT2 transporter by the E648M mutation, there are a number of unresolved questions arising from this study. The proposed Na3 site is located towards the intracellular surface of the transporter and it is unlikely that this binding site will be the initial binding site for any of the three Na^+^ ions. In order for Na^+^ to reach this site from the external solution, it is likely to have to interact with other sites before reaching this location. In BetP the Na1\' site is presumably accessible from the external solution and, if a similar access pathway exists in GlyT2, then the Na^+^ ion may diffuse into the equivalent site of the BetP Na1\' site and then to the novel Na3 binding site identified in this study. A second possibility is that the novel Na3 site may be part of the permeation pathway of either of the Na^+^ ions bound to Na1 or Na2. Finally, in the inward facing structure of LeuT~Aa~ (PDBid: 3TT3) \[[@pone.0157583.ref010]\], there is an aqueous pathway from the region that corresponds to the proposed Na3 site of GlyT2 to the intracellular solution. Indeed, a Na^+^ ion was observed to access the novel Na3 site from the intracellular solution in one MD simulation. Throughout all simulations, E648 is solvated and accessible from the intracellular solution. Therefore, it is possible that Na^+^ may enter the transporter from the intracellular side and binding of Na^+^ to the novel site may facilitate transport process rather than being the 3^rd^ Na^+^ coupling ion.

This study has provided evidence that identifies a novel Na^+^ binding site on GlyT2 that influences the function of the transporter. At this stage it remains to be seen whether this novel site represents the binding site for the 3^rd^ Na^+^ ion required for transport by GlyT2. Whilst it would be desirable to conduct longer simulations to begin to address some of these issues, the use of a homology model of GlyT2 based on dDAT that has only 50% amino acid sequence identity has the potential to introduce substantial errors and as such alternate approaches will be required.
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###### Multiple sequence alignment of GlyT2 and its homologues, and distance information for coordinating residues in each of the Na binding sites.

(PDF)
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Click here for additional data file.

###### Initial GlyT2 homology model, prior to MD equilibration.
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Click here for additional data file.

###### Membrane-embedded GlyT2 homology model with bound Na^+^ and substrate glycine.

Taken from Run 1 of 5 MD production runs, at time = 41 ns.

(PDB)

###### 

Click here for additional data file.

###### Membrane-embedded GlyT2 homology model with bound Na^+^ and substrate glycine.

Taken from Run 2 of 5 MD production runs, at time = 48 ns.

(PDB)

###### 

Click here for additional data file.
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